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ABSTRACT

The MILFS laser transmitter is a gallium arsenide (CaAs) lasr,

system which emits pulse modulated radiation at a wavelength of
900 nm. The use of this device necessitates a high probability of
intrabeam ocular exposure. An understanding of the ocular effects of'

the MILES laser is required so that its safe use can be assured.
Fecause the ,ILFS laser is a pulse modulated device, the additivity
of effect for repetitive pulse exposure was evaluated. The FT>os for
the production of rotinal lesions by repetitive pulse exposure were
determnod for Nd:YA , lazser.a at pulse repetition frequenoi-s (TRF) nf
10 ahr 1000 Pz, for % frequency doutled Nd:YA P, laser nh,, rs a- t an
0 RF of 10 Hz, for an Fr:YLF laser (9")o nm) at a TF of 10 s,7 ar I nd f'or
a GaAs laser (qO nm) at a PRF of 1pn k117. xnposure dru:-tiona rnri;'-,
from :,) ns (sinle pulse) to 1000 s, and the n;mber of ralrv ,r
exposure ranged from I to qO0,000. In all cpses i% was shown t.
the !:T, per pulse for N pulses equaled .T-1/4 -mes the- F%, for a
sinale pulse. The FP5-hs for the production of r-tinnal 'ei w( r,
'4,tormin ed for seversl wavelengths from r,- ,- 1 tn. w w

3hown that the EP5 0  for Er:YI,F laser irradiation :t, 1, !!m wri:;,
reduced when compared to the EDhs for Ruby I'arer riiit ion
(r(4.7 nm) and Nd:YAG laser irradiation (10€,4 nm&. An oxplana . in
was sought for a subtle retinal effect called "retinal cloudint,"
induced by exposure to low level GaAs laser irradiation.
Histopathological evaluation of exposed retinal tissue did not
provide the explanation. Parallel experiments at other agencies did
not confirm the LAIR observation of retinal clouding. The ocular
effects were studied of lasers operating at infrared wavelengths of
reduced ocular hazard. EFD 5 0 s for the productior of cornonl leions
were obtained for a Nd:YAG laser (I n ' ), an Pr: 1 ass las.r
(1540 nm), and a Ho:YLF laser (2060 nm. It, was :,hown that the
ocular damage threshold for lasers emitting at wael4npths greater
than 1400 nm can be predicted from consideration of te ottical
absorption of physiologic saline.
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The MILFS system incorporates the first military laser device
designed with the intention of subjecting friendly personnel to laser
irradiation. The use of this device in a training scenario will
necessitate a high probability of intrabeam ocular exposure for a
large number of trainees. Thus, the stringent requirement exists for
a complete understanding of the ocular effects of the MILES laser
transmitter so that its safe use can be assured.

The MILES laser transmitter is a gallium arsenide (GaAs) laser
system with an emission wavelength of 900 nm. The output consists of
a pulse amplitude and pulse interval modulated train of pulses at an
average pulse repetition frequency (PRF) of lr32 Hz. The pulse
duration is 60 ns. The effort to delineate the ocular hazard of this
device has involved the study of several parameters qffectinp the-
interaction of laser radiation with ocular tissue (I). These
purameters included wavelength, retinal image diameter, and exposure
to repetitive pulses. The studies also included exposure of orcular
tissue to prototype and engineering development versions of the MTT, 72
7-16 transmitter. -The studies resulted in a better understanding of
the dose required for creation of an ophthalmoscopically visitle
retinal lesion after irradiation by a laser operating in the HiT,2
transmitter mode, and also resulted in a recommendation for
alteration of the provisions of AR 40-46 (2) and Ti3MEFP 2-7 (7) which
govern the maximum permissible exposure (MPF) to repetitive pulue
laser irradiation (4). A disquieting result of these studies was the
observation of a subtle retinal effect after exposure to GaAs loser
irradiation at doses near the MPE. This retinal effect was termed
"retinal clouding" (5).

Our studies indicated that the current safety standards might be
too conservative when applied to the MILES laser transmitter, and
that reevaluation of the standards was desirable. Consequently, the
US Army Environmental Hygiene Agency provided a list of data that
were required before such a reevaluation could be considered ().
The needed data were:

a. Threshold burn data from laser pulse trains lasting, from IC ,
to 1000 s at repetition rates from 1 Hz to 2000 Hz.

b. Ultrastructural damage data for very short pulse duration.-
(i.e., less than I ps for near infrared wavelengths.)

c. Threshold burn data from lasers closer to the GaAs wavelength
for a variety of pulse rates and pulse train duratiors (i.e., 7RF
rnnging rom I Hz to 3000 Hz and pulse trains lastin", fron I stn
1000 s).

16



d. Data leading to an explanation of th "r tinrl clourliv'
effect from GaAs laser exposure.

An experimental program was designed to provide these data. Theresults are reported here. Also reported are data concerning the
ocular effects of lasers operating in the infrared wavelength region
of reduced ocular hazard. This report is presented in four sections.

I - REPETITIVE PULSE LASERS
II - WAVELENGTH EFFECTS

III- LOW LEVEL EFFECTS
IV - REDUCED OCULAR HAZARD LASERS

I2
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I - REPFTITIVE pIILSE LASERS

INTRODUCTION

Current safety standards provide for a decrease in the maximum
permissible exposure (MPE) per pulse for exposure to repetitive pul ;e
laser irradiation. For laser pulses of duration less than 10l ps, th.
degree of decrease is obtained by multiplying the single pulse '.!F by
a correction factor, C . Presently, C is dependent only on the
pulse repetition frequency (PRF), having a value of 1 qt 1 z,

decreasing to 0.06 at 1000 Hz, and remaining at 0.06 for all PTPFc
greater than 1000 Hz. Stuck et al (4) have provided evidence that,

for a broad range of PRFs, Cshould not be a function of ThR', buit
should depend only on the number (N) of pulses in the exposureo h(e

recommended a new relationship, C N 1 /4 . for the " PE deratin'
factor for repetitive pulse exposure. This approach is attractive in
that it is functionally identical to the computational method known
as total on time pulse (TOTP) prescribed for determination of the MPE
reduction factor for repetitive exposure to pulse durations greatpr
than 10 ps. The research reported here was performed to extend the
data base necessary to determine the correct form of 0p,

PROCEDURE

Dose response data were obtained for exposure to repetitive
pulse trains ranging in duration from 20 ns (single pulse) to 1o s.
The lasers used in these experimenta were:

Laser Wavelength PRF Pulse duration

Nd:YAG 1064 nm 10 Hz 20 ns
Nd:YAG 1064 nm 1000 Hz 180 ns
Nd:YAG 532 nm 10 Hz 140 ns
Er:YLF 850 nm 10 Hz 180 ns
GaAs 860 nm 120 kHz 500 ns

The 10 Hz Nd:YAG laser was a flashlamp pumped, pockel cell Q-
switched device. The exit beam was nonuniform in cross section,
therefore an external aperture was used to select a uniform portion

of the beam. The transmitted beam was approximately paussian with a
beam divergence of I mr. The 1000 Hz Nd:YAG laser was a continuously

pumped, acousto-optic Q-switched device. This laser operated in the

TEM 0 mode, with a beam divergence of O.R mr. The frequency doubled

Nd:YAG laser was also a continuously pumped acousto-optic Q-switched
device with an intracavity frequency doubler. This laser operated in

the TFMoo mode with a beam divergence of 1 mr. The T r:YTIJ 1a:mrr waa I
flashlamp-pumped, pockel cell Q-switched device operating in the
TEMOO mode. The beam divergence was 0.7 mr. Each of the lasers
produced a be-m diameter of 3 mm at the cornea. The C-iAs lnsv-r wan n

3



Y: 1d 0 c 1U 1t I i 'u i d n it rogen t*
ch-rac t. r st icc oi tho rlis laco, are fu 1I dv '. I il ., i

'hec x posure confipurn ti orn was similar for ci] a'ors Fipm r
I). A dichro i beamstlitter having high reflectivity a+ the !y-c
wavelem,th and high visual transmittanre lirected the lon,'r V, r int'
the eye of the monkey while permitting continuous :ewin cin th
exposure site via fundus camera. The mirror and fundus c'm rnVi 'lW, rr

aligned so that the laser beam passed through the cen'-r 0!' *h,
ocular pupil and coincided with the camera crosshnirs qt the retin'..,
thus facilitating selection and location of the exposlure si-l. AI I;
constant proportion of the beam energy was diverted1 into a referent'-
detector for dosimetry. The energy at this detec t or was corrla4.di i

to the energy entering the eye by placing a caihbrated ,7P1' "FP

radiometer at the eye position and determining the ratio of the

energy received by the two detectors. The exros3ure duration was
controlled by an electronic shutter, and neutr-il density filtf-r wo re i

used to attenuate the beam energy to the desired exposure levo.

The animals used in these experiments were rhesus monkeys. '-he
animals were anesthetized and the ocular pupils dilated. "n, cvr' ,er

animal in 4 to 6 animals were exposed to determine ea( 7 -. 7or
exposures of 10 s or longer, the eyes were im.co;bic V.' a
retrobulbar injection of lidocaine. The eye was held ren !-y i-I
speculum during exposure, and corneal clarity maintained y mn i y
irrigation with normal saline. For exposure durations of 1P' . or
less, 25 to A6 exposures were placed in a rectangular array in the(
extramacular retina, including one row of marker burns for subsenirent

location. Only four 1000 s exposures were attempted at nny one
session because of difficulty in maintaining corneal clarity. Th,
exposure sites were examined via ophthalmoscope I h after exosure.
The criterion for retinal damage was the observation of a lesion at
this examination. The data of 100 to 150 exposures were evaluated by
probit analysis to determine the EP90 for each exposure conditinn.
The FD 50 is defined as that dose having a O probability of
producing a criterion response.
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" E'- l 'ssooiated 95' oonfidence Liit:; ,

ocular exposure to repetitve pulse laser irraliatior prn!- no n
-tbies I-s. In these tables, the following definitions p,'i v:

FRF pulse ropetition frequency
t = duration of each pulse in the train

= total exposure duration

N = number of pulses per exposure (N = PRF x T)

D5 P FrFI) expressed as total intraocular onergy (TIF. ppr
exposure

ED, /pulse= ED50 expressed as TIE/pulse

i limits : /onfiden - limits for the EPq/puli(

TABLE 1

Nd:YAG - 1064 nm
PRF= IOHz t= 20ns

T N ED 50  ED50 /pulse 95% limit

(~I) (pj )

20 ns 1 99 99 83-120

I s 10 389 39 32-47
10 s 100 3410 34 29-41

100 s 1000 18300 18 17-20
1000 s 10000 42800 4.3 2.9-6.4

TABLE 2

Nd:YAG - 1064 nm
PRF= 10Hz t= 20ns

T N ED50  ED5 0 /pulse 95% limnits

lJJ) (W.I)

180 ns 1 136 136 107.173

2 mis 2 160 80 67-95
3 ms 3 153 51 40-65
6 ms 6 330 55 46-66
74 ms 74 1213 16 13-21

1 s 1000 10100 10 8.3-12

10 s 10000 115000 11 9.5-14

100 s 100000 330000 3.3 2.4-4.4

5



'\BI.E 3

Frequency Doublcd Nd:YA(; - 532 nin
PRF = 10 t t 140 ns

T N ED : LD5 0 /pulse 95,. limits

140 ns 1 2.8 2.s 2.5-3.2

1 s 10 16 1.6 1.3-2.0
10 s 100 107 1.1 0.8-1.5

TABLE 4

Er:YLF -850 nm
PRF 10 11z t = 180 ns

T N EDso EDso /pulse 95% limits

180 ns 1 12 12 9.5-15.1
1 s 10 59 5.9 4.7-7.5

10 s 100 270 2.7 2.0-3.5
100 s 1000 1200 1.2 0.8-1.7

TABLE 5

(aAs - 860 nn
PRF = 120 liz t = 500 ns

T N ED5 0  LD50 /pulse
(s) (mJ) (At)

0.125 15000 7 0.46
0.5 60000 19 0.32
1.0 120000 39 0.33
8.0 960000 155 0,16

These data ,iro shown in graphic form in "gure'- -

presont the FTPr0/pulse a R function of N.
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PISCUSSION
Stuck et al (4) gathered from the literature all Available

ocular damape threshold data for repetitive pulse exposures. From
these iata, -in empirical relationship was derived which eauated +':c
L, 'T) /,lse in a pulse train to the 1D)o for a sinle pulse arid t'
number of pu'ser in the pulse train. T'he relationship

FD5 0 /pulse = YN-1 4

(where K is +he F:CO for a single pulse of duration t) is v~lid fr
9'1 of the repetitive pulse data examined. However, no data eKisted
for large " or for long exposure durations. The experiment reported
herein extenled the data base to include data for long exposures n
large N. It is evident that the empirical relationship continued +o
Le valii for T = 1000 s and N = 960000 pulses.

It must be noted, however, that all the data used to derive the
empirical relationship and all the repetitive pulse data reported
herein were generated with the laser beam collimated to produce -
minimal retinal irradiance diameter. Recently, Greiss et al (4) have
reported data concerning the effects of ocular exposure to repetitive
pulse Nd:YAG and frequency doubled Nd:YAG laser irradiation. Their
data for minimal spot irradiation agree well with the data of this
report. They also reported data for large retinal irradiation
diameter exposure which show a different relationship between ihe
ED 5 0 /pulse and the number of pulses. Those data, in fact, indicate
that the ED5 0 /pulse for large retinal irradiance diameter is a
constant, independent of the number of pulses in the exposure. A
second set of data for large retinal irradi, nce diameter exposure to
repetitive pulse lasers has been reported by Walkenbach (W. His
data, in direct contradiction to the data of Greiss et al (P,
indicate that the EFD5 0 /pulse equals I/N times the FD0 for a sinpgle
pulse. The large retinal spot dose response data are shown in
Figure 5. It must be concluded that the pulse additivity effects for
large retinal irradiance diameter exposure are as yet undetermined.

7



TI - WAVELEN( TH 'FFThc":

INTRODUCTION

The 1R LS (,aAs transmi tter e mi ts at 0C)) a , R P w '] f nP
which little bioeffects data exist. 'h e r11 rr n n',
presented in ?-.CTTON I of this report are he, h- , v. - , , e
concerning the ElFD,7 for laser induced ocular damrpe ,..
wavelengths of 700 nm and 1000 ni. One is therefore com ,

estimate the EPvO for ocular damage at qO() nm by conciderir, the i -1 4,,
obtained at other wavelengths. For this purpose, dose +en
for ocular exposure to laser irradiation have been obtained 9+
wavelengths of r52 nm, 600 nm, 6q4 nm, P50 nm, 1064 nm, and 1"t nm.
These data have a common genesis in that al were obtninod for sin,
!Thort pulse exposure in the extramacular retina, ll osime t ry an
beam characterizations were performed by one iv i l,'al, -n' q'
exposure placements and damage determinations were performel bv one
individual.

PROCEPWRF

The i*2 nm, 89C nm, and 1064 nm data are titos -Y-s erv . in
SFCTTON I for single pulse exposure to the frequency 71ubl,!d :YA ",
the Tr:YLF, and the 1000 Hz Tld:YAO. The o'14.7 n da,t'a w,,re ,c! tained
with a Q-switched ruby laser having a nulse dlurto; of rs. o
details of that experiment are reported in referen(- 1o . The !70 nm
data were obtained with a Nd:YAC laser modified to emit the 1 1c and
13-P nm lines available from that material. The ,(0 Ps pulse
duration of the 1'-30 nm laser was longer than for the ether lasers
employed herein. A full description of the 1-0 nm !d:YA7 experiment
is included in SECTIQN IV of this report. The 6,O nm data were
obtained with a flashlamp pumped Rhodamine 6C dye laser. The pulse
duration of that laser was 400 ns, the beam diverg7ence was . mr.
and the beam diameter at the eye was 4 mm. The exrosure
configuration was essentially the same as that shown in Figure 1.
Animal handling, exposure placement, and da,0n co'ect j oon,
processing were as described in !ECTION T.

8
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PL' U 1, T'.'

1 e 7 :nd Fi -ure 6 present the data from those oxi(-i prot:'.

( TABLE 6

Wavelength Dependence of ED50

Laser Wavelength Pulse Duration ED 5 0  95% liillt

Nd:YAG 532 140 ns 2.8 MJ 2.5-3.1
R6(; De 600 400 ns 5.2 MJ 4.3-6.2
RUBY 694.3 20 ns 17.5 pj
Er:YLF 850 180 ns 12.0 pJ] 9.5-15.1
Nd:YAG 1064 20 ns 99.0 j/J 83-120
Nd:YAG 1318&1338 650 jis 356.0 mj 323-392

It is evident that there is a dip in the in the 5 Thf,

n0) nm region (Figure 6); that is, the FT O at 9c0 nm is lower tlim
+ P oxpected value obtained by interpolation between. ')4.' nm -in'

1I n m. This dip is, however, based on a single data point, w ,

leaves doubt about its validity. Two other sets of data exi.-O whi,-'
tend to confirm the decreased ED5 o near 8RO nm. Ha, l ( :
determined the 7Dh) for retinal damage for exposure to nnrrow l

filtered radiation from a xenon lamp at several wavelengths frnm
450 nm to 960 nm. The exposure duration for that exnerimerit. wu;;
100 s, and the retinal irradiance diameter was 900 p. -hese data are
also shown on Figure 6. The EI%os are considerably higher than those
obtained for the laser exposures as would he expected because of the

difference in exposure parameters. Fowever, the data reported by 11am
et al (11) do show a reduction of ERD 0 at 960 nm, corresponding to

the depression at R50 nm for the laser exposures. Another estimate
of the ED5 0 at 850 nm can be obtained from the 120 kilz CaAs data in

Table 5. If

ED 5 0 /pulse = ED5 0 (single pulse) x N-

for those data, then the ED50 for a single pulse must be 5 p3. Aain,
this implies a reduced ED50 at 860 nm. Verification of the wavelenth

dependence of ED50 in this spectral region will require determination
of the ED50 at several wavelengths between 700 nm and 1r)OO nm.

The significance of the wavelength dependence of ETi-.O is shown

in Figure 7, which compares the bioeffects data to tho MDP as-

provided by TBMED ?79. TBMED 270 determines the MPE for wavelength:-

between 700 nm and 1060 nm by application of the factor ( A which is a

straipht line interpolation on a semilognrithmir s ,r . T ir
wnvolength dependency is compared to the ocular damage .hr'es ! !',-r
6041 nm, R95( nm, and 1060 nm (Figure 7). It can be s-een that. thlo

9



safety f-tandari overestimates the damage thrchm ! r ,.

is, tho at 0 rm is lower than prodiated from 4 .h, -

interpolation from the %t, at 444 nm to the 1 - t 1 l
re. ult, the safety margin at 15( nm is lower than thavt at I !C" n. i
a factor of 7.

The preceding sections have described the additivitv effects of
repetitive pulse laser exposure and reported ocular damae threshold
measurements for laser wavelengths near the GaAs laser emission
wavelength. A relationship between the FPE%/pulse and the number of
pulses in the exposure has been obtained and verified, resulting Jn n
recommendation that TBMED 279 be modified by setting the repetitive
pulse factor Cp = N- /4 . It has been shown that TBMEP 279 provides a
reduced safety margin at 850am as compared to the safety margin at
700 nm and 1060 am. Figure 8 compares the emission energy of the
MILES M-16 transmitter to pertinent biological data, to the !'IrE, as
determined from the current provisions of TRMED 2'9, and to the MPP
as determined by setting Cp N. . The M.ILES M-16 transmitter data
points are the energy/near-miss-pulse for N=132 (single round) and
for N=720 (full clip, automatic mode). The production model M-16
transmitters are reported to have greater pulse energy than the
engineering development model evaluated at LAIR (12). In all cases,
the pulse energy of the M-16 transmitter are at or above the 7p,
determined by either method. However, a safety marrin of t470 is
indicated between the MILES laser output and the best available
oculaqr bi.oeffects data.

10
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III-LOW LEVEL EFFECTS

I ITRODUCTION

LAIR investigators reported the observation of a 2ubtlf, retir l
alteration after exposure to repetitive pulse GaAs laser irradiation
at doses considerably below the estimated EP"0. These alterntions,
which were called "retinal clouding" (I), did hot have the qTpearqn.,
of a typical retinal lesion, but rather created the impression of ,I
slight difference of reflectivity at the exposure sit . They wcre
observed visually, via fundus camera or ophthalmoscope. All efforts
to photograph the alterations, using standard color or monochromir
film, fluorescein angiography, and spectrally resolved photo i'ra hy
were ne ,ative. Visual observation of the alterations can be tenuoivi,
as demonstrated in a blind experiment performed 9t LAIT. On(-
investigator placed four GaAs laser exposures in a well-define.d Ar,,',
oP a clear rhesus retina, and carefully marked the expc'sure .fite.; on
a fundus photograph. He observed clouding at all four 'xposiire
sites. Three other observers were directed to the exposed area of
the retina and given unmarked fundus photographs upon which to record
their observations. None of these observers were able to locate
correctly any of the exposure sites. When given the exact locaition of
the exposures, one observer saw clouding at two of the sites. 7ho
other observers saw nothing. The 10 W MILES prototype laser was used
in this experiment.

In a further effort to understand the nature of the retinnl
clouding phenomenon, histological evaluation of retinal tissue
exposed to the GaAs laser was performed by using light and electron
microscopy.

PROCEDURE

Rhesus monkeys were used in this exneriment. The animals were
anesthestized in preparation for the exposures and the pupils
dilated. Marker lesions were placed in the retina with a Nd:YAC
laser to facilitate location of the GaAs exposure sites. mhe laser
source for the GaAs exposures was MILES ED M-16 transmitter SN ?6.
Each exposure consisted of repeated rounds with minimum delay between
rounds, producing an essentially continuous pulse train. The number
of rounds per exposure ranged from 10 to 100. The duration of a
single round was about 0.5 s. Thus the exposure durations ranged from
5 s to 50 s. The animals were sacrificed two hours after exposure
and both eyes enucleated. The eyes were fixed by immersion at room
temperature in 35% glutaraldehyde in 0.1 m phosphate buffer.
Processing of tissue for light and electron microscopy was done in
the usual manner with embedding in epon/araldite.

IiI



During retinal tissue dissection, n block containing, ti10 round
exposure site was placed on edge and viewed in cross section. A

noticeable opacity in the photoreceptor layer at the exposure site
was observed. Subsequent light and electron microscopy did not show
any obvious tissue or cellular morpholorical differences when
compared to unexposed control tissue. This opacity could have been
due to differences in the density of tissue fluids at the exposed
site with no detectable cellular alterations at these levels of
investigation. Light photomicrographs showed no significant
differences between exposed and cuntrol areas for all samples of
tissue. Electron microscopy showed no discernible cell or orgonelle
changes at the exposure sites. Preparation and fixation artifacts,
such as vacuoles in the pigment epithelium and swollen mitrochondria,
were seen in samples from both exposed and unexposed areas.
Mitochondria in cone inner segments appeared to have been more
fixation sensitive than those in neighboring rod inner sepments.
Figures 9-18 show representative electron photomicrographs of exposed
and normal retinal tissue.

DISCUSSION

The results of light and electron microscope histology perfornrl
at LAIR, disclosed that no significant differences between the
exposed and control areas of retina after exposure to the 7LY' 1 7
trane3mitter. At the exposure levels obtained from this devi-e, nr
ultrastructural alterations were produced in the retina.

Tn pursuit of confirmation of retinal clouding, -xPerj mont-
were performed at USAFSAM by Zuclich et al (13) and at the Vr ,inin
Commonwealth University (VCU) by Ham et al (11) whicb pproximate the
conditions producing retinal clouding at LAIR. 'The parameters of
each exposure configuration used are given in Tables 7-. The
following definitions apply.

PRF = pulse repetition frequency
t = duration of each pulse in the pulse train
Q = energy of each pulse in the train
Pp peak power of a pulse
Pa = average power of the pulse train
0 = divergence angle of the laser bzam
D = dimension of the retinal irradiance area
T = total duration of the exposure

12
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TABLE 7

MILES ED M-16 Transmitters

Agency: LAIR LAIR USAFSAM

Device: SN49 SN26 SN I1

Characteristics:
Wavelength 900 nm 894 nm 900 nrn
PRF 1632 lIz 1632 liz 1632 Iz
t 60 ns 60 ns 150 ns
Q 0.083 m J 0.070,J 0.0781iJ
Pp 1.38 W 1.17 W 052 W
Pa 0.135 mW 0.114 mW 0.125 mW

O 0.2x2 mr 0.2xi.8 mr 0.3x2.2 mr
D 2.7 x2 7 /g 2. 7x24 p 4x3 0 /

2-30s 30-600s 1-750s

TABLE 8

Pulsed GaAs

Agency: LAIR VCU

Device: IW MILES prototype RCA SG-2007

Cbaracteris tics:
Waveength 899 nm 904 nm
PRF 1600 liz 1700 Ilz
t 112 ns 100 ns
Q 0.021Mj 1.08MJ

Pp 0.18 W 10.8 W

Pa 0.034 mW 1.84 mW

0 2x2.2mr 6x40 mr
D 27x29p 81x545 p
T 1-90 s 10-1000 s

TABLE 9

GaAIAs Lasers

Agency: LAIR VCU VCU

Device: LDL LCW-10 RCA C30127 RCA C30127

Cbaracteristics:
Wavelength 883 nm 820 nm 820 nnm
PRF ...... 1600 1 Iz
t continuous continuous 1001 s

Q ...... 4pJ
P p ... ... 40W

Pa 10 mW 7.1 mW 6.4 mW
O 0.65x4.8 mr 8.7x58 mr 8.7N58 nr
D 8.8x6 5 p !!7x7 8 0p 117 . 7 8 0p
T 30 s 8 nis-1000 s 8 uIls- 1000 s
ED 5 0  7.7 mW
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Zuclich et al (13) irradiated the eyes of 1? rhosu moskevs :in'!
2 cynomolgus monkeys for a total of several hundred exposures in th
macular and extram3cular retina. They examined the. rtin:i, at 1, '.1,
48, 72, and 120 h after exposure. No visible evidence of retina!
alteration was seen at any examination. One animpl was sacrificed tV
study the exposure sites by light microscopy. N]o morphology war
seen. The 1ISAFSAM experiment (15) differed from the LAIR experhment
in one respect. At LAIR, the retina was continuously observed durir.-7
the exposures. At USAFSAM the retina was not observed during thc
exposures.

Ham et al (11) irradiated a total of 14 rhesus monkeys to the
laser devices tabulated above. Half the eyes in each experiment were
exposed with the fundus camera illumination light on and half with
the light off. They examined the retinas at 1, 24, and 48 h after
exposure. No retinal alterations were seen at any examination. Io
histopathology was attempted. The significant factor in the VCP
experiment was the use of a large retinal irradiance area which
reduced the retinal irradiance. Even though their pulsed GaAs laser
produced higher average power, because of the retinal irradiance area
difference, the retinal irradiance produced was less than obtained
with the 1 W MILES prototype. It should be noted that, had they
collimated the pulsed GaAlAs laser beam for minimal retinal spot
size, they would undoubtedly have produced frank retinal lesions for
the longer exposure times with the pulse energy availahbl.

14



IV - REDUCED OCULAR HAZARD LASERS

INTRnD[JCTION

The Army has a strong interest in the development of lasers
presenting a reduced ocular hazard for training purposes. In the
visible and near infrared region of the spectrum, collimated laser
radiation is transmitted by the ocular media and focused to a small
area on the retina. Consequently, the retinal irradiance is several

orders of magnitude greater than that incident on the cornea, and the
total intraocular energy required to produce a retinal lesion is
small. In the spectral region near and beyond 1400 nm, the outer
ocular structures begin to absorb incident radiation. As the laser
beam passes from the cornea to the retina, energy is lost because the
tissues of the eye absorb the laser radiation, reducing the total
energy reaching the retina. The irradiance at the retina is less
than that at the cornea despite the fact that the irradiancp hianmeter
is smaller at the retina. For equal incident energy, the corneal
irradiance is much less than the visible wavelength retinal
irradinnce. Lasers that operate in the spectral region of high pre-
retinal ocular absorption present a reduced ocular hazard. The F"r
for ocular damage was determined for three lasers which emit in the
infrared region of high ocular absorbance. These were a Ho:YIY ln'-er
emitting at 2060 nm, a Er:Glass laser emitting at 1q4n nm, and a
Nd:YAG laser emitting simultaneously at 1313 nm and 177R mm.

PROCEDURE

Corneal damage thresholds were determined for the following
laser wavelengths and exposure durations:

Laser Wavelength Exposure duration
Nd:YAG 1318&1338 nm 250 ps
Er:Glass 1540 nm 930 ps
Ho:YLF 2060 nm 100 Ps
Ho:YLF 2060 nm 42 ns

These experiments are detailed in reference 14. A system for
determination of corneal damage thresholds was assembled which
provided for dosimetry and beam attenuation and focusing to produce
the required corneal irradiance (Figure 19). The beam profile at the
corneal plane was measured to allow computation of the peak corneal
irradiance. The damage criterion was the presence of corneal
alteration visible via slit lamp biomicroscope I h after exposure.

The retinal damage threshold for the Nd:YA, laser emitting at
1 IP and 13 8 nm was determined. The ocular absorption for these
wavelengths provides significant attenuation of radintion reaching
the retina. For small corneal beam diameters, the corneal dar:ae

15
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thre.nhold is reached at total intraccu ar oner-.' wI,, be1 r. w
required to produce retinal alterntion. 7Y -'xpandinn th, , .i'c ...

the bem at the c- rrnea, sufficient totrl i ntranl -tr or',rp -n n be

introduced to da-(nape the retina without exceodin, j he r ,c '] " OF'

threshold. The laser used in this experiment w-!s a rul-'d 'rd:YA, C

laser having resonator mirrors desiinc,-d! to Puppre:s 1 nO nr-

oscillation and allow emission in the 1i"1- nm compLox. The l ,r

emitted simultaneously at 1318 on and 1 18 nm with t1O t -f +}' oat'i:

energy at 131 R nm and 601 of the nutput enerry at 1 m no. 7o

emission was observed at 175, nm. The pulse duration was .c, ,

which was required to generate sufficient outrut <ner..

exposuire configuration of Figure 1 as described in -.P',,TO T wa

used. A Laser Precision joulemeter wa.s used for dosiJnetry. Th e

beam divergence was 2.5 mr, and the beam diameter at the cornea was

Phesus monkeys were tranquilized an3 nnesth.',i ". TV ocular

pupils were dilated to allow biomicroscopic n n pi

evaluation. The outer ocular structures (cornea., qquoeo - ,  and

vitreous) were examined before and after exrosure vi' s- 1]am-i

biomicroscope. Retinal exposures were evlqiate-i vi'-m.

ophthalmoscope. Body temperature of the subiect w-as n aa 4 t

a thermal blanket. The eyelid was held open by a i! rpecul u-., an-
the cornea periodically irrigated with pbysioloicnl c-slhne In
maintain clarity. Two to 12 exposures were placed in each (-v. 'he
-riterion for damage was the presence of a visible a-oration 1

afer exposure. The T)- 0  and associated confidenc'- intrval .'.>

determined by probit anaiysis.

The 'TP1 s for production of corneal lesion- ire :ese, :

TABLI 10

Corneal Damagc Thrcsholds

Exposure Irradiancc I-I)50

Laser Wavelength duration diameter

(Ol) (mIn (.1

Nd:YAG 1318&1338 250 0s 0.4 45
Er:Glass 1540 930 js 1.0 9.6
Ho:YLF 2060 100 It 1.8 2.9
IIo:YIF 2060 42 ns 0.32 5.2

The FT 0 for the production of retinal lesions with the "d:YA
laser at 131R and 1339 nm was 356 mJ total intraocular enerry.

16

A4



The ocular response to the Ho:YLF and Fr:Clnss lasers w:as
confined to the cornea. The diameter and depth of the lesions were
both dose and wavelength dependent. As the dose increased, the
lesion diameter increased. Erbium lesions in cross suction wc,,
conical in shape and varied in depth from 1 /2 to full cnrn,-,]i
thickness. IPolmium lesions involved only the upp(.r I/P to 1/ of th,
, rnen! thickness. For both the erbium and holmium laborr eypoiruc:1,
the transition from no observed lesion to a hi ph probability of
observing a lesion required little change of dose. Exposure to the,
1I ~ and 1338 nm neodymium laser where the beam was focu- ed to -i
corneal irradiance diameter of 0.4 mm were full corneal thickness.
The "tr'ick" or scar through the cornen wns slightly tanere,l. Wh'-n
the corneal irradiance diameter was expanded to 5.5 mm for tho
retinal studies, no alteration of cornea or lens was observed.

DISCUSSION

The retinal EDS0 for exposure to the 1318 and 1338 nm Nd:YA!
laser lines is over 3000 times that for exposure to the jn64 nm
Nd:YAG laser line. The transmission of the pre-retinal ocular media
in rhesus monkey is 65% at 1064 nm and 2.10 for combined 13I1 and
1338 nm at the ratio used in this experiment. Absorption in the
retina and choroid is approximately 2 times greater at 1064 nm than
at 1318 nm. Thus one would expect on the basis of ocular absorption,
that the ratios of EDs5 s would be approximately 60. Possible
explanations for the discrepancy between theory and data include
scattering in the ocular media and differences in retinal spot size
due to laser beam divergence and chromatic aberration of the eye.

The corneal irradiance for production of a corPeal lesion for
combined 1318 and 1338 nm irradiation is 45 J/cm . The cornal
irradiance for production of a retinal lesion, obtained by assuming
the total intraocular energy required to produce a retinal
lesion is uniformly distributed over a 7 mm aperture at the cornea,
is 0.93 J/cm 2 . The primary site for ocular damage at 1318 ond
1338 nm is therefore the retina. The safety margin afforded by this
laser is nonetheless, 3 orders of magnitude greater than that
afforded by the 1064 nm laser line.

The corneal response resulting from exposure to laser
irradiation is considered to be a result of temperature elevation of
the tissue. Sufficient energy is absorbed in a finite volume to
result in a localized temperature rise that produces coagulation or
opacification of the tissue. When EPVO data for various laser lines
are compared, the wavelength dependence of the corneal damagpe
threshold is apparent. Tnherent to this dependence is the wavelenpth
dependence of the relfitive absorption of the cornr'at. "!Ibl, 11
presents selected E) 0 data for pulsed cxpo.ur: to sev,r'il
infrared laser lines. These data ;ire plotted in Figure n. 'The
curve repreoent-s the penetration depth for Of ",horption 'if

17
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int ident r d lation in physioo ,ica saline. .:IOlo '1(,,. - U

matches well the trnnsmilsicn Of the ocular md r i- fur" w tvel •

lonper than 1000 n.

TABLI 1I

Corneal Darnage ThreshoIds

F xposurc Irrathaticc
Laser Wavelength duration diameter l) 5 0

(ntpn) (Mml,') (] ~

Nd:VAG 1318-1338 250 ps 0.40 45
Er:Glass 1540 50 ns I 21c930 ps 1 9.6

Ilo:YLF 2060 42 Ps (.32 5.2
100 Ps 1.8 2.9

II' A  2600-2900 45 ns 0.82 0.1 56
d

F) 1  3600-3900 100 ns 0.96 0.3771

C0 2  10600 100 ns 2 0.350c

arnultiline h drogen fluoride

bmultiline deuterium fluoride

CLund ct al, reference 15

dDunskv and Egbert, reference 16

eStuck, unpublished data, 1980

Let x, be the depth at which 99" of the incident radiation is
absorbed. The x is obtained from the equation I/I o =e - a x by letting
T/T o equal 0.06 and solving for x. I is the inci lent intensitv, 1
is the transmitted radiation, and a is the absorption coofficient of
saline. The volume in which the radiation is absorbed is equal to
Ax1 where A is the cross section area of the incident beam. If Q is
the absorbed energy, then the absorbed energy/unit volume is '/Ax 1 .

Assuming the absorbed energy per unit volume required to produce
corneal damage is independent of wavelength, we can set 0/Ax1 k, 9
constant, at threshold. Therefore the irradiance O/A enua. "x, .
There is a direct correlation between the damrne threso.d and the
penetration depth for absorption of a given fraction of 'he in-ilent
radiation. Figure 20 clearly shows this relationship. The rio,' Inc
left scales on this figure are arbitarily positioned viith ren-ot to
each other. A better fit to the bioeffects data could be obt': iced 1yw
adjustment of the 99'% absorption depth scale.

The close correlation between the bioeffecta data and tho clirv -
derived from the absorption of physiological a,-ine nrparort
provides a means of assessing the hazard of any eroposei Inser
emitting at a wavelength greater than 1400 nm. However, care.must beI
exercised in such predictions. Lower absorption, which presens the
hiphest cornea. EPD5 0 , can allow sufficient energy to reach the rolinn
to produce d.amafe. This is demonstrated by the 1' ( nm 'K:YA( loser
which produces retinal damage at lower cornea1 imr'dmiince than is

18
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required to produce corneal alteration. In theory it is possible to
predict the ocular absorption at which the transition from corneal to
retinal alteration occurs. In practice, it is difficult to make 9n
accurate prediction because of the uncertainties of ocular
transmission measurements. One other consideration must be made in
choosing a laser. Those wavelengths presenting higher corneal damage
thresholds generally alter deeper layers of the cornea, resulting in
a permanent scar. Those wavelengths having lower damage thresholds
generally produce only superficial damage which heals with no
residual alteration of the cornea.

19
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CONCLUS IONS

This research has extended the Jat, le nice.sary to formulate
laser safety standards. The data reported herein suggest that there
is reason to reevaluate those provisions of TBMFT, 279 which determine
the MPE for exposure to repetitive pulse lasers enitting pulses
shorter than 10 ps and the MPE for lasers emitting at wavelengths
longer than 1400 nm. The data also indicate a discrer-ency between
the MPE and the bineffects data betwe-rn '7(4 nm nd 1 1(A n. Whi'l
the, bioeffects data vorify that thE MTLF. liser outpuit is w'l4 elcw
the FIS for production of , retinal lesion, our failure to resolve

the question of retinal clouding leaves some doubt about the safe use
of this device.

RFCOMMENDATIONS

We recommend that the provisions of TBMED 27q he reev' ud.
This reevaluation should consider our findings tlhat tie bioefeos
data are more accurately reflected by the Y0U when C =n- ' for
repetitive pulse exposure and when the KPE for laser waveiencths
longer than 1400 nm are correlated to the absorbtion sr.ctirum of
physiologic saline.

20



I. BEATRICE, F. ., P. J. LUND, J. P. COURcS, P. WA PNEP, ;nd 1.

SLINEY. Project MILES: Biomedical research and coordination ir
safe field exercises. in: Proceedings of Army Sciei.c
Conference, Volume One. West Point, NY, June 1 

7F. pp r.V. 1-,7

AR 40-46. Control of Health Hazards from Lasers and Ctier HFih
Tntensity Optical Sources. Headouarters, Department of the Army,
Washington, PC, 15 November 107FP

{. TBT:EP 279. Control of Hazards to Health from Lasr Fi:>tior,.
Headquarters, Department of the Army, Washington, TC., -C' f.y

4. STUCK, B. E., F'. J. LUND, and F. S. BEATRICE. Repetitive Pulse
Da' ta an,2 Permissible Exposure Limits. Report No. n n
FranciscQ, CA: Letterman Army Institute of Research, April 117 :

5. BEATRICE, E. S., D. J. LUND, M. CARTER, and D. Y:. TALSMA. Retinal
Alteration Produced by Low Level Gallium Arsenide Laser Exposure.
Report No. 38. San Francisco, CA: Letterman Army Institute of
Research, February 1977

6. USAEHA Letter, HSE-RL, 9 October 1979. Subject: Biological

Research in Support of MILES

7. LUND, D. J., D. 0. ADAMS, and C. C. CARVER. Ocular Hazard of the
Gallium Arsenide Laser. Report No. 30. 'an Francisco, CA:
Letterman Army Institute of Research, October 1976

8. GREISS, G. A., M. F. BLANKENSTEIN and G. G. WILLIFORD. Ocular
damage from multiple pulse laser exposures. Health Physics
39:921-927, 1980

9. WALKENBACH, J.E. Determination of Retinal Threshold Energies of

Pulse Repetition Nd:YAG Laser in Rhesus Monkey. Masters thesis.
Virginia Commonwealth University, Richmond, VA, June 1q72

10. FRISCH, S. D., E. S. BEATRICE, and R. C. HOLSEN. Comparative
study of argon and ruby retinal damage thresholds. Invest
Ophthalmol 10: 911-919, 1971

11. HAM, W. C., H. A. MUELLER, J. J. RUFFOLO, and A. M. CLARKE.
Biological Applications and Effects of Optical Masers. Research
Progress for the Period 1 Sept 1978-31 Aug 1980. Virginia

Commonwealth University, Richmond, VA, 1980

21



12. MARSHALL, W. J. Nonionizing Radiation Protection Special 2'tudy
No. 25-42-0351-80. Hazard Evaluation of Production Models of the
Multiple Integrated Laser Engagement System. USAEHA, Aberdeen
Proving Grounds, MD, 7-10 July 1980

13. ZUCLICH, J. A., T. J. TREDICI, C. W. MIKESELL, W. ). GIPBONS, hnd
R. E. SCHMIDT. MILES: Ocular Hazard Evaluation. Peport 'AM-TR-
80-2. USAF School of Aerospace Medicine, Brooks Airforct- Base,
TX, May 1980

14. STUCK, B. E., D. J. LUND, and E. S. BEATRICE. X~lar effects of
laser radiation from 1.06 to 2.06 microns. SPIE 229: 11q-12O,
1980

15. LUND, D. J., G. H. BRESNICK, M. B. LANDERS, J. 0. POWELL, J. F.
CHESTER, and C. CARVER. Ocular hazard of the Q-switched erbium
laser. Invest Ophthalmol 9: 463-470, 1970

16. DUNSKY, I. L., and D.E. EGBERT. Corneal Damage Thresholds for
Hydrogen Fluoride and Deuterium Fluoride Chemical Lasers. Report
SAM-TR-73-51. USAF School of Aerospace Medicine, Brooks Air
Force Base, TX, 1973

22



LEGEND OF FICURES

FIGURE 1. Laser exposure system for study of retinal effects.

FIGURE 2. Dependence of the ED50 (TIE/pulse) on the number of pulses
in the exposure for 10 Hz and 1000 Hz Nd:YAG laser irradiation of
rhesus monkey retina.

FIGURE 3. Dependence of the ED5 0(TIE/pulse) on the number of pulses
in the exposure for 10 Hz frequency doubled Nd:YAG laser irradiation
of rhesus monkey retina.

FIGURE 4. Dependence of the EDso(TIE/pulse) on the number of pulses
in the exposure for 10 Hz Er:YLF and 120 klz GaAs laser irradiation
of rhesus monkey retina.

FIGURE 5. Dependence of the ED50(TIE/pulse) on the number of pulses
in the exposure for large retinal irradiance diameter irradiation of
rhesus monkey retina.

FIGURE 6. Dependence of the ED 0 on wavelenpth for exposure of
rhesus monkey retina to short pu se laser irradiation and to 100 s
filtered xenon lamp irradiation.

FIGURE 7. ED50 for retinal exposure of rhesus monkey retina to
6943 nm, 850 nm, and 1064 nm laser irradiation compared to the MPE
derived from TBMED 279.

FIGURE 8. The TIE delivered by the MILES M-16 transmitter compared to
current bioeffects data and compared to the MPE computed both by the
methods Of TBMED 279 and by settingCp = N-/.

FIGURE 9. Fifty exposure site in extramacular area showing pigment
epithelium and photoreceptor outer segments. Some vacuoles are
evident in pigment epithelium cells but most cytoplasmic organelles
remain normal in appearance. Photoreceptor outer segments (OS)
appear to be normal.

FIGURE 10. Same exposure site as FIGURE 9, showing cone and rod inner
segments. Mitochondria of the cone inner segments (CIS) are much
more swollen than those in rod inner segments (RIS). These changes
are apparently fixation related.

FIGURE 11. One hundred exposure site in lower macular area, showing
pigment epithelium. Some vacuoles appear in the pigment epithelium
cells but the rest of the cell contents are normal. Melanin pranules
appear to be normal.

APPENDIX
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FIG!! R 2. "tme exposure site as FIC URE 11, show i w' IhoIo r t' r
outer segments (0'). 0." appear to be normal in arrangement.

FIGURE 13. Same exposure site as FIGURE 12, showine, cone !in, re!
inner segments. Cone inner segment (CTS) mitochondria appear to he
much more swollen than neiphboring rod inner segmen* (R:t
mitochondria. This change is fixation related.

FIGURE 14. Fifty exposure site in upper macular area, showinp r4i-r;'n.

epithelium (PE) and photoreceptor outer segments %2). Pi'ernt
epithelium melanin granules, and other cell contents npreor normAl
except for vacuoles which are the result of osmotic effects. (Iut-'
segments appear normal in lamellae arrangement.

FIGURE 19. Same exposure site as FIGRF 14, showing rod and Cono

outer and inner segments. Rod (RlfJ) and cone inner segcevTt:' (2
show the same mitochondrial differences as described in tho rrevio'Is
micrographs. Outer segments show twisting and folding whi,-h iF a'ro
seen in control samples.

FIGURE 16. Control area from lower macular area of unexcesed eve
showing pigment epithelium and outer segments. Pigment epithlil:M
(PE) cells are normal in appearance except for the previously
described vacuoles and photoreceptor outer segments appear quite
normal in arrangement.

FIGURE 17. Control area from the nonexposed eye from lower macular
area showing pigment epithelium (PR) and outer segments (O!). PF
cells are normal in appearance except for the previously described
vacuoles and photoreceptor outer segments appear quite normal in
arrangement.

FIGURE 1P. Same control area as FIGURE 16, showing cone inner and
outer segments with mitochondrial swelling which is also seen in
tissue samples from the exposed eye. Outer segments appear to have a
normal lamellar arrangement and there is some twisting and folding of
the outer segments.

FICTIRP 19. Exposure system for study of laser induced corneal
effects.

FIGURE 20. Ocular damage thresholds for exposure to infrared lasers.
These data show a close correspondence to the curve representing the
penetration depth for 05% absorption of incident radiation in
physiologic saline.

APPENDIX (continued)
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FREQUENCY DOUBLED NdC_
N 532nm
PRF= 10 Hz
170 ns pulse duration
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Figure 3. Dependence of the Fl)50(rlE/pulse) on the number of pulses in the exposure for 10 II/
frequency doubled Nd:YAG laser irradiaion of rhesus monkey retina.
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Fagura' 12. Same exposure siu as igvi' 1,. showing photoreceptt r outer segments (OS). OS appear

to lie normial it arrangement.
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bigkuri' 13. Same exposure site as 1-gr,1.sowing coneC and rod inner segmnts. (onec inner segmlent
(CAS) mitochondria appear to he much more swollen than neighboring rod] inner segmenft ( RIS)
nmochondria. Th is change is fix~ation related
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Figure 15. Same exposure site as Figure 14, showing rod and cone outer and inner segments. Rod
(RIS) and cone inner segments (CIS) show the same mitchondrial differences as described in the
previous micrographs. Outer segments show twisting and folding which is also seen in control samples.
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Figure 16. Control are-afrom lowcr macular area of unexpo~svd cye Thowing pigment epithelium and
outer segments. Pigment epithelium (PI-,) cells are normal in aplpearanwc c'ceepr for the previously
described vacuoles and photoreceptor outer segments% appear qui tt normal in arrangemecnt.
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I ; 7 C 'ntrol arca from the nornexposed eve from lower macular area show&ing pigmnt
I'[h hn P) ain ( outer segments (OS). P17 cc]lls are norm al In ;II)pearaileecc pt for thec pire-% ioil

J ri hdit wles ;Int photoreceptor outer segments appear (It it orynalI in ii-ngvnlient.
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Ihgurv 18.Samev c.,troI ;Irc as 16, Qiowng coneinner in,)J irs n~i %%iii'in'n.1rial

n''rrnial lamctlhr ;Irrit1ipenicIt and there is somec tw~isting and fhliiic d tht, mitcr 'cgninits
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SHelium Noon Erbiumn System

Alignment Loser

High Refectiityr Output i:
Mirror Miror

P'eelliclePl!!!.....Loser Rod Neutral *1 .......Ln Corneal

Holmium /4Density Epsr

Lose Filters Plane

Rotating
Prism

DROT = arget Detector

DR =Relerence Detector

Figure 19. Exposure system for study of laser induced corneal effects.
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IFtgure 20. Ocular damage thresholds for exposure to infrared lasers. These data show a close
correspondence to the curve representing the penetration depth for 95% absorption of incident
radiation in physiologic saline.
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